Abstract-The proliferation test with human estrogen receptor-positive MCF-7 breast cancer cells (E-Screen assay) was applied for quantitative determination of total estrogenic activity in 24-h composite effluent samples from 16 municipal and two industrial sewage treatment plants (STPs) in the state of Baden-Württemberg, southwestern Germany. The estrogenic efficacy relative to the positive control, 17␤-estradiol, was between 26 and 74% (median, 48%) for the 16 municipal STPs. Estradiol equivalent concentrations (EEQs) were between 0.2 and 7.8 ng/L (median, 1.6 ng/L) and, thereby, were lower than those found in a pilot study, which revealed EEQs of greater than 10 ng/L in the effluents of two other STPs. The EEQs in 14 of the 16 effluent samples were very similar (0.9-3.3 ng/L), indicating a rather constant input of estrogenic substances via STPs into rivers. Additional activated charcoal filtration turned out to be very efficient in further eliminating estrogenic activity from effluents. The EEQs of the E-Screen assay and those calculated from the results of extensive chemical analysis using the estradiol equivalency factors determined for 13 natural and synthetic estrogenic substances were comparable for most of the effluent samples. 17␤-Estradiol, 17␣-ethinylestradiol, and, to a lesser extent, estrone contributed to 90% or more of the EEQ value.
INTRODUCTION
In recent years, it has been demonstrated in the United Kingdom [1] [2] [3] [4] [5] [6] and the United States [7] that various species of male fish held in effluents from municipal sewage treatment plants (STPs) or in rivers downstream of the discharge from STPs show a pronounced increase of plasma vitellogenin levels. The presence of the glycoprotein vitellogenin in plasma of male fish is indicative of the estrogen-dependent stimulation of its hepatic biosynthesis. Therefore, STP effluents appear to be an important route for the release of estrogenic substances into the aquatic environment. More recently, a high incidence of intersexuality in wild populations of riverine fish was found throughout the United Kingdom [8] . The reported widespread sexual disruption in the roach (Rutilus rutilus) was consistent with exposure to estrogenic active substances and associated with STP discharges. Although, in the United Kingdom, much effort has been made to identify the estrogenic substances in treated wastewater and rivers responsible for the reproductive disturbances observed in male fish, the results do not show a uniform picture. Bioassay-directed fractionation of effluents from STPs receiving predominantly wastewater of domestic origin revealed the natural estrogens 17␤-estradiol (E 2 ), estrone (E 1 ), and, to a lesser extent, the synthetic estrogen 17␣-ethinylestradiol (EE 2 ) as the compounds mainly responsible for the estrogenic activity measured in a yeast reporter gene assay [9] . On the other hand, at several locations, high concentrations of p-nonylphenol and nonylphenol monoethoxylate were measured in rivers and discharges from STPs exceeding * To whom correspondence may be addressed (wolfgang.koerner@lfu.bayern.de).
the threshold levels for induction of vitellogenesis in adult male fish and for chronic toxicity to Daphnia sp. [10, 11] .
Only limited data from other countries regarding estrogenic effects in male fish have been published. The EE 2 concentrations found in the effluent of a Swedish municipal STP could explain a major part of the elevated plasma vitellogenin levels observed in caged juvenile rainbow trout exposed to the diluted effluent [12] . Significantly increased vitellogenin levels were also seen in male rainbow trout after six months of exposure to 20% effluent of the STP Berlin-Ruhleben, Germany [13] . The effects could be linked to the measured concentrations of EE 2 and E 2 . A causative relationship has been suggested between these results and the findings that approximately 70% of the fish population in the extensive waterways of Berlin is female [13] .
In addition to the various groups of estrogenic substances naturally occurring in plants (e.g., isoflavonoids, flavones, chalcones, lignanes) and some mycotoxins, estrogenic effects have been shown for many pesticides and industrial chemicals in vitro [14] [15] [16] [17] [18] [19] and, in some cases, in vivo in mammals [20] [21] [22] as well as in fish [23] [24] [25] [26] [27] [28] [29] . However, a common chemical substructure responsible for the estrogenic activity of the socalled xeno-and phytoestrogens has not yet been identified. This surprising structural diversity of xeno-and phytoestrogens has been confirmed by elucidation of the crystal structure of the ligand-binding domain of the human estrogen receptor alpha (hER␣) [30] . This analysis revealed that the gap of the ligand-binding domain is almost twice as large as what the natural ligand E 2 requires, which thus provides space for a variety of other molecules to interact with the estrogen receptor (ER). Although hER␣ and rainbow trout ER do not have iden- [32] .
In a pilot study, we analyzed nine composite effluent samples from five municipal STPs in southern Germany using a modified proliferation test with human ER-positive MCF-7 breast cancer cells (i.e., E-Screen assay) [32] . All samples induced cell proliferation in a dose-dependent manner. The EEQs were between 2.5 and 25 ng/L, indicating a discharge of estrogenic substances via STPs into streams and rivers at a level that may, at least without considerable dilution, represent a risk for aquatic wildlife according to the results of laboratory experiments with male fish exposed to steroidal estrogens [1, 33] . In the most modern of these STPs, we recently determined that only 90% of the EEQ load of the sewage is eliminated during the treatment process [34] . Chemical analysis for nine phenolic compounds revealed that this group of xenoestrogens contributed only a few percent of the total estrogenic activity.
In the present study on effluents from 16 municipal and two industrial STPs, we applied the E-Screen assay to obtain a representative overview of the total input of estrogenic active compounds via sewage into the aquatic environment in the state of Baden-Württemberg, southwestern Germany. We compared the EEQs with the results of extensive chemical analysis [35] to clarify which compounds contributed most to the estrogenic activity in the effluents. Further, we looked for a possible relationship between the purification technology of the STPs and the EEQs in the effluent, thereby trying to identify techniques suitable for reducing the discharge of estrogenic substances from STPs into the aquatic environment.
MATERIALS AND METHODS

Chemicals
The E 2 , E1, EE 2 (Ͼ98% purity), mestranol (ethinylestradiol-3-methylether), genistein (Ն98% purity), ␤-sitosterol (96 and 60% purity), and dimethylsulfoxide (DMSO; 99.5% purity) were obtained from Sigma (Deisenhofen, Germany). Stock solutions of 1 mM (steroids), 2 mM (␤-sitosterol), and 10 mM (genistein) were prepared with ethanol (99.8% purity; Riedel-deHaën, Seelze, Germany) and stored at Ϫ30ЊC.
Technical-grade 4-nonylphenol (4-NP) with an approximately 85% content of p-isomers and 4-t-octylphenol (4-t-OP; Ͼ90% purity) were purchased from Fluka (Buchs, Switzerland). Bisphenol A (ϳ97% purity) was obtained from Aldrich (Steinheim, Germany), and ␣-endosulfane (Ͼ99% purity) was purchased from Riedel-deHaën. Benzyl-n-butylphthalate (98% purity) and di-n-butylphthalate (99% purity) were obtained from Merck (Darmstadt, Germany). Technical-grade 4-nonylphenoxy acetic acid (4-NP1EC) was a generous gift of Jennifer Field (Oregon State University, Corvallis, OR, USA), and 4-n-nonylphenol diethoxylate (4-n-NP2EO; 99% purity) was purchased by Promochem (Wesel, Germany). Stock solutions of between 10 and 100 mM were prepared with DMSO and stored at 4ЊC.
For testing in the E-Screen assay, stock solutions were diluted to the desired concentrations in experimental medium, with a final solvent concentration of 0.1% or less.
STPs, sampling, and extraction of effluents
Representative 24-h composite samples of effluents from 16 municipal and two industrial STPs, all located in the state of Baden-Württemberg, southwestern Germany, were taken with an automatic, time-proportioned sampling device between August 1998 and May 1999. The main characteristics of the STPs as well as the sampling and extraction procedure were described by Spengler et al. [35] .
An aliquot of 1 L of each effluent sample was tested in the E-Screen assay after solid-phase extraction on 1-g RP-C18, elution with 2ϫ 3 ml of acetone, and purification on 1-g silica as described for the gas chromatography/mass spectrometry (GC/MS) analysis of steroidal estrogens [35] . Extraction, clean-up, and E-Screen assay were also performed with several 1-L aliquots of demineralized water as laboratory blanks.
Preparation of sewage extracts for the E-Screen assay
The (purified) extracts of samples from STPs 1 to 10 were preconcentrated, transferred into a 200-l glass vial, and evaporated to dryness in a vac concentrator without heating. The dry extracts were stored at 4ЊC in the dark until tested in the E-Screen assay. The 50 l of DMSO were added to each sample and homogenized using a vortex apparatus until most of the residue was dissolved. The extracts of samples from STPs 11 to 18 were concentrated to approximately 1 ml and stored in brown glass vials at 4ЊC. After addition of 50 l of DMSO, the remaining solvent was evaporated completely under a gentle stream of nitrogen.
Stock solutions of the extracts were prepared with steroidfree experimental medium. This medium consisted of phenol red-free Dulbecco's modification of Eagle's medium (DMEM; Gibco 11880; Life Technologies, Karlsruhe, Germany) supplemented with 5% charcoal dextran-treated fetal calf serum (CD-FCS), 10 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid buffer (HEPES; 1 M stock solution adjusted with 10 N NaOH to pH 7.6; Sigma), 2 mM L-glutamine (Biochrom K0281, Berlin, Germany), 1% of a solution of nonessential amino acids (NEAA; Gibco 11140), and 1% of a penicillin/ streptomycin/amphotericin solution (Gibco 15240). The preparation of CD-FCS is described in detail elsewhere [32] . Additionally, 4.95 ml of experimental medium were added to each sample, homogenized for approximately 1 min, and the clear solution then filtered sterile through a 0.22-m Millex-GS filter (Millipore, Eschborn, Germany). These stock solutions containing 1% DMSO were stored in sterile 5-ml glass flasks at 4ЊC. For cell culture testing, stocks were diluted 10-to 2,000-fold (final volume, 0.05-10 L) with steroid-free experimental medium using sterile 15-ml polypropylene vials (Sarstedt, Nürnbrecht, Germany). Thus, the maximum solvent concentration in the culture medium did not exceed 0.1%, a concentration that did not affect cell proliferation. 
E-Screen assay
Estrogen receptor-positive human MCF-7 breast cancer cells were cultivated in 25-cm 2 flasks (Sarstedt) in DMEM with 15 mg/L of phenol red and 2 mM N-acetyl-L-alanyl-Lglutamine (Biochrom FG0415) at 37ЊC in a water-saturated atmosphere of 5% CO 2 /95% air. The culture medium was supplemented with 5% FCS (Gibco 10081), 1% of NEAA, and 1% of penicillin/streptomycin/amphotericin. Subconfluent MCF-7 cells were trypsinized, washed with culture medium, and resuspended in steroid-free experimental medium.
Cells were seeded into 96-well plates (Sarstedt) at a density of 1,500 cells/well. After 24 h, the medium was aspirated and replaced by 150 l of experimental medium per well, containing one out of five to seven different dilutions of the stock solutions of sewage extracts. Each dilution was tested in eight replications per assay. Eight wells per assay without hormones were the negative control. The E 2 in five concentrations of between 10 Ϫ12 M (0.27 ng/L) and 10 Ϫ9 M (272 ng/L) was the internal positive control in each assay. Previous experiments have revealed that higher E 2 concentrations do not induce a higher proliferative response [32] .
Some E-Screen tests with single compounds were performed in 24-well plates (Sarstedt), seeding cells at a density of 10,000 cells/well. The stock solution of a chemical was diluted 1,000-fold and more with experimental medium. Each concentration was tested in quadruplicate (1 ml/well).
Five days later (day 6), the assay was terminated during the late exponential phase of proliferation by determination of the cell number in each well. Cell number was assessed by measurement of total protein content using the sulforhodamine B (SRB) assay [36] . The extinction of SRB at 550 nm is directly proportional to the cell number within a wide range [19, 36] . The performance of the SRB assay is described in detail elsewhere [32] . In brief, cells were fixed with cold 10% (w/v) trichloroacetic acid, stained with a 0.4% (w/v) solution of SRB (Sigma S1402) in 1% acetic acid, washed, and dried. The dye was dissolved in 500 l (96-well plates: 100 l) of cold 10 mM Tris buffer (pH 10.5) per well, and the extinction at 550 nm (reference, 630 nm) was measured in triplicate per well with a microplate reader (Dynex MR 1200, Denkendorf, Germany) by transferring aliquots of 50 to 80 l into cavities of a 96-well plate. For the E-Screen assay performed in 96-well plates, extinction was measured directly without transfer to another plate.
Quantitative evaluation of the E-Screen assay
The basic endpoint of the E-Screen assay is the cell number relative to the hormone-free control. The proliferative effect (PE) of a sample is the ratio of the highest cell number achieved with the sample to the cell number of the negative control: PE ϭ maximum cell number (sample) Ϭ cell number (negative control)
The estrogenic activity of a sewage sample is evaluated quantitatively first by determination of the relative proliferative effect (RPE). The RPE compares the maximum proliferation induced by a sample with that induced by the positive control, E 2 , that is achieved at 1 nM (PE-1):
Thus, full agonistic activity (RPE ϭ 80-100%) can be distinguished from partial agonistic activity (RPE Ͻ 80%), as described by Soto et al. [15] .
The estrogenic activity of a sewage sample is also evaluated quantitatively by determination of the EEQ, expressed as pmol/ L or ng/L, which is the total amount of estrogenic active compounds in a liquid sample normalized to the natural estrogen E 2 . The EEQ is calculated directly from the 50% effective concentration (EC50) values of E 2 and the sample. For extracts of liquid samples, the EC50 represents the dilution volume (assuming that all 5 ml of the stock solution of the extract are diluted with experimental medium) at which 50% of the PE is achieved. The division of the dilution volume through the original sample volume gives the dimension-less EC50 value, which is a dilution factor (e.g., an extract of 0.5 L of sewage revealing its half-maximal proliferative response in the EScreen assay at a dilution volume of 2 L has a dimension-less EC50 of 4). The EEQ is the product of the dimension-less EC50 of the sample and the EC50 of the positive control E 2 :
The estrogenic potency of a single chemical in the E-Screen assay is expressed by its estradiol equivalency factor (EEF), the quotient of the EC50 values of E 2 and the compound. The EEF has no dimension:
The EEQs of sewage samples and EEF values of single compounds were calculated irrespective of whether a full response was obtained. The PE, RPE, EC50, and EEQs of sewage samples were calculated for each individual experiment. The EC50 and EEF values of single compounds were calculated from mean dose-response curves established from the single experiments. For performance of the probit regression and calculation of EC50s, we used an EXCEL5 extension program (Microsoft, Redmond, WA, USA) written by Josef Greve (Fraunhofer-Institute of Environmental Chemistry and Ecotoxicology, Schmallenberg, Germany).
RESULTS AND DISCUSSION
Estrogenic potency of single substances
To establish an accurate and complete database for the quantitative comparison of E-Screen assay and chemical analysis results, the estrogenic potencies (EEFs) and efficacies (RPEs) of the 12 natural and synthetic estrogenic substances, which were analyzed in the effluent samples by GC/MS [35] , were determined in the E-Screen assay relative to E 2 . The results are summarized in Table 1 .
Estrogenic efficacy (RPE) and estrogenic potency relative to E 2 (EEF) of the xenoestrogens were similar to the results obtained by Soto et al. [15] with the E-Screen assay and in studies with other in vitro assays [16, 37] . The estrogenic potencies of the most potent xenoestrogens, 4-NP (technical grade), 4-t-OP, and bisphenol A, were more than four orders of magnitude lower in comparison to E 2 . The EEFs were similar to the values published in a previous article [19] based on the lowest concentration that induces maximal cell proliferation. The estrogenic potency of the phytoestrogen genistein was approximately threefold higher than those of the p-alkylphenols, which was also observed in a recombinant yeast assay [37] . Table 1 . Estrogenic efficacies (RPE), EC50 values, and estrogenic potencies relative to 17␤-estradiol (E 2 ) (EEF) of 12 natural and synthetic estrogenic substances in the E-Screen assay a
112 ( (1) 3 (1) 105 (10) The EE 2 was as potent as E 2 , whereas the estrogenic potency of E 1 was 1/10. The EE 2 result was similar to that of Soto et al. [15] , but they measured an EEF of only 0.01 for E 1 . In contrast, the potency of E 1 was half that of E 2 in a recombinant yeast system [38] . Mestranol induced the maximum estrogenic effect, albeit at higher concentrations than EE 2 . This indicates that MCF-7 cells are able to catalyze the demethylation of the methylether, because mestranol itself is only estrogenic after its demethylation to EE 2 . Technical-grade 4-NP1EC acted as a partial ER agonist, and its estrogenic potency was approximately fivefold lower than that of the full ER agonist 4-NP. Similar results were found in other in vitro systems [37, 39] as well as in vivo [23] .
Pure 4-n-NP2EO did not show any estrogenic effect up to 10 mol/L, whereas other groups have found some activity for the technical-grade 4-NP2EO mixture with branched nonyl chains in vitro [37, 39] and in vivo [23] . This is in agreement with the well-studied phenomenon of p-alkylphenols with branched alkyl chains being more potent xenoestrogens than those with linear alkyl substituents [38] . Because we have found estrogenic activity for 4-n-NP and 4-n-OP in the EScreen assay [19] , albeit lower than that of technical-grade 4-NP and 4-t-OP, we can conclude that technical-grade 4-NP2EO, which was not available as a standard compound, is less potent in the E-Screen assay than 4-NP, probably with a potency similar to that of 4-NP1EC.
The widespread plant sterol ␤-sitosterol in two different purities showed neither an estrogenic activity nor a cytotoxic effect in the E-Screen assay up to 2 M. Higher concentrations could not be tested, because its solubility in semipolar solvents like ethanol and DMSO is rather poor. Coincubation of MCF-7 cells with 1 M ␤-sitosterol and 10 pM E 2 , which is slightly above the half-maximum effective concentration, did not reveal an antiestrogenic effect of ␤-sitosterol (Fig. 1) . Our findings are fully consistent with the negative results of several in vitro assays based on the human and rat ER [40] [41] [42] and those of two in vivo studies with female rats [42, 43] . Only Mellanen et al. [44] described an estrogen-dependent proliferative effect of 1 M ␤-sitosterol (Ͼ91% purity) in T-47D human breast cancer cells (RPE ϭ 71%) but not in MCF-7 cells. In contrast, Tremblay and Van der Kraak [45] found a binding of ␤-sitosterol to the isolated rainbow trout ER as well as induction of vitellogenin production in trout hepatocytes in vitro. In both assays, the estrogenic potency was more than one order of magnitude lower than that of 4-NP. Induction of vitellogenin synthesis was also observed in vivo in juvenile rainbow trout after exposure to waterborne ␤-sitosterol [44] [45] [46] . At present, whether the contrasting results obtained with ␤-sitosterol are due to differences in the purity of the compound tested or in the primary sequences and, hence, the structures of mammalian and trout ERs is unclear [31] . It has been demonstrated in several in vivo studies that ␤-sitosterol, in contrast to E 2 , also causes a decrease of plasma pregnenolone and cholesterol levels in rainbow trout and goldfish [45] [46] [47] [48] . The mechanisms behind these effects, which were also observed in fish exposed to effluents from pulp and paper mills [46] , are poorly understood but clearly are not estrogen dependent. 
Estrogenic activity in STP effluents
The results of the E-Screen tests of 18 effluent samples are summarized in Table 2 . Seventeen samples induced estrogendependent proliferation of MCF-7 breast cancer cells in a concentration-dependent way. The concentration-response curves of the effluent samples either reached the asymptotic range at the highest concentration tested (e.g., sample from STP 7) (see Fig. 5 ) or showed a decrease of the proliferative response (for examples, see Kö rner et al. [32, 34] ). Thus, calculation of RPE and EC50 values was possible, except for the sample from STP 17, which revealed a very weak proliferative effect. The reductions in cell yield at the highest two concentrations of several sewage samples very likely resulted from toxic effects on the MCF-7 cells and were not considered for the probit regression analyses. A decrease in response at high sample concentrations is not a specific issue of the E-Screen assay but was recently described in a yeast reporter gene assay for equimolar mixtures of two to four xenoestrogens at concentrations exceeding 20 M [49] .
The proliferative effect relative to the positive control of E 2 (RPE) of the effluents from municipal STPs was between 26 and 74% (median, 48%). The RPE of the effluent sample from STP 18, which receives the wastewater from a cardboard factory and 15% sewage of domestic origin, was within that range (45%), whereas the treated sewage with nearly 100% origin from a textile factory (STP 17) showed only a marginal estrogenic response close to the limit of determination (RPE ϭ 10%). Blank samples of demineralized water did not induce cell proliferation.
The observation that none of the 18 sewage samples tested showed full agonistic activity (RPE Ͼ 80%) in the E-Screen assay could, theoretically, mean that the effluents contained low amounts of full ER agonists. However, even though the extracts were purified on a small silica column [35] , a variety of chemicals other than estrogens likely were still present, thus disturbing the optimum growth of the MCF-7 cells. Nevertheless, in previous studies, we found full agonistic activity for effluents of two other STPs [32] as well as for the influent of STP 12 [34] .
The EEQs in the effluents from the 16 municipal STPs were between 0.2 and 7.8 ng/L (median, 1.6 ng/L). The effluent from the STP of the cardboard factory had a rather low EEQ level (0.65 ng/L), whereas the EC50 and EEQ were not quantifiable in the wastewater sample from the textile industry. The EEQs in 14 of the 16 effluent samples from municipal STPs were within a very close range (0.9-3.3 ng/L), indicating a rather constant input of estrogenic substances via STPs into streams and rivers.
In 1997, a 24-h composite effluent sample from STP 6 was analyzed during a pilot study in our laboratory [32] , and two samples from STP 12 taken in March and June 1998 were measured for estrogenic activity during an input/output analysis [34] . Although the EEQs tended to be lower in this study, the differences were not more than twofold (Table 3 ), which is within the range of precision of the E-Screen assay for wastewater.
In total, the EEQ levels in the present study are lower than those in a preliminary study of effluents from five STPs [32] . However, three of those five plants were not part of the present monitoring program. Among those three were the two STPs with, by far, the highest EEQs in the effluent: levels of greater than 10 ng/L were confirmed by repeated sampling, and maximum values exceeded 20 ng/L at both plants. These two STPs were not equipped with the most modern technology at the time of sampling (e.g., neither nitrification nor denitrification was implemented).
A distinction of the STPs between rural and urbanized areas was not possible, because all regions in which effluent samples were taken have a rather high population density. No influence of the ambient temperature of the STP on the EEQs in effluents from municipal STPs could be detected. Omitting STPs 8 and 9 (due to peculiarities in the technical equipment), virtually the same median EEQ was found in the six effluents (STPs 1-5 and 16) collected during the warm season (August and May) as in the eight samples (STPs 6, 7, and 10-15) taken between November and March (2.2 and 2.1 ng/L, respectively). Among the municipal STPs, the proportion of industrial discharge had no recognizable impact on EEQs in the effluents ( Fig. 2A) , whereas the two STPs receiving at least 85% wastewater of industrial origin had very low EEQs (Table 2) .
A relationship was found, however, between the capacity of the STP and the EEQ in the effluent. Figure 2B shows that six of the seven effluents with EEQs of less than 1.5 ng/L were from STPs with a capacity of less than 100,000 PE (PE ϭ total number of inhabitants ϩ people equivalents of industrial discharges), whereas six of the seven effluent samples with EEQs of greater than 2 ng/L were from STPs with a capacity of greater than 100,000 PE. Again, STPs 8 and 9 were omitted (due to peculiarities in the purification technology). At present, we cannot provide a convincing explanation for this result, which needs to be confirmed with a higher number of samples. Different retention times of the wastewater in the STPs may be one reason. However, the measured concentrations of the single substances did not reveal a clear difference between small and large STPs [35] .
Purification technology and EEQs in effluents
The 16 investigated municipal STPs could be divided into four different groups according to their technical purification equipment: (1) STPs with activated sludge process (n ϭ 12), (2) STPs with activated sludge process and trickling filter (n ϭ 2), (3) STPs with trickling filter (n ϭ 1), and (4) STPs with activated sludge process and advanced wastewater treatment (n ϭ 1). Figure 3 compares the median EEQs in the effluents from the four different groups of STPs. The EEQs in the effluents from STPs with activated sludge process were, on average, similar to the EEQs in discharges from STPs with both activated sludge process and trickling filter. However, the one STP with trickling filter as the only biological treatment process (STP 9) discharged approximately fourfold higher EEQ levels than the plants with activated sludge treatment. On the other hand, a very low level of estrogenicity was found in the effluent from STP 8, which had advanced wastewater treatment (i.e., decolorization and activated charcoal filtration).
To verify these preliminary results of trickling filter and advanced wastewater treatment, 24-h composite effluent samples were again collected from STPs 8 and 9 in November 1999 and analyzed for estrogenic activity. The measured EEQ levels are compared in Figure 4 using the results of the first samples. Although the second effluent sample from STP 9 (with trickling filter) had a lower EEQ (3.0 Ϯ 0.53 ng/L) than the first sample (7.8 Ϯ 3.5 ng/L), both levels were higher than Environ. Toxicol. Chem. 20, 2001 W. Körner et al. the median EEQ in the effluents from the 12 STPs with activated sludge process (1.9 ng/L). A similar relationship was obtained by chemical analysis for the concentrations of steroidal estrogens, especially for E 1 and EE 2 , and for some of the xenoestrogens [35] . The data indicate that the trickling filter may be less efficient at eliminating estrogenic substances from sewage than activated sludge processing. A confirmation of this preliminary result at other STPs with trickling filters could indicate one of several reasons for the high frequency of vitellogenin induction [1] [2] [3] [4] [5] [6] and intersexuality [8] found among wild fish in British rivers, because trickling filter plants are more common in the United Kingdom (ϳ25%, K.-H. Krauth, University of Stuttgart, personal communication) but, in Baden-Württemberg, Germany, account for only 3.3% of the municipal STPs with a capacity of more than 10,000 people equivalents and only 5.3% of the smaller STPs (R. Wizgall, Ministry of Environment and Traffic, personal communication).
Although the E-Screen assay is a very sensitive analytical tool (limit of detection, 0.03 ng EEQ/L), we could not measure estrogenic activity in the second effluent sample from STP 8 (with advanced wastewater treatment), which confirmed the very low EEQ in the first sample (0.21 Ϯ 0.05 ng/L). Chemical analysis revealed no detectable, or very low, concentrations of steroidal estrogens [35] , which is in good agreement with the E-Screen assay data.
Obviously, advanced wastewater treatment seems to be a very efficient technique to remove both natural and man-made estrogenic substances from sewage, even at levels well below 10 ng/L. Because the advanced wastewater treatment unit at STP 8 consists of a decolorization step followed by activated charcoal filtration, we were interested in which of the two treatment processes contributed most to the removal of estrogenicity. We obtained an answer by analyzing a second effluent sample from STP 7, at which decolorization of the wastewater is performed after the activated sludge process. The concentration-response curves of both samples are shown in Figure  5 . The EEQ in the first effluent sample, which was taken in November 1998, was only slightly lower (1.2 Ϯ 0.60 ng/L) than the median EEQ in the effluents from the 12 STPs with activated sludge process (1.9 ng/L). The second 24-h composite effluent sample was collected in December 1999, after an activated charcoal filter had been installed in STP 7 behind the decolorization step. No estrogenic activity was found in this extract, indicating that it is the activated charcoal filtration that is very effective at further removing estrogens from sewage after the activated sludge process. Hence, decolorization of the wastewater seems to have only little impact.
Comparison of E-Screen assay and chemical analysis
The EEFs determined in the E-Screen assay for the various estrogenic substances analyzed in STP effluents [35] formed the basis for comparison of the results of chemical and biological analyses. For each estrogenic compound detected in an effluent sample by GC/MS, the measured molar concentration was multiplied by its EEF, resulting in an EEQ for the particular substance. The sum of the single EEQ values was compared with the EEQ level as determined for the effluent extract in the E-Screen assay. The results of all samples are shown in Figure 6 .
For most effluent samples, the EEQs of the chemical and biological analyses were in the same order of magnitude. For the majority of samples, the EEQ calculated from the GC/MS results was higher than that determined in the E-Screen assay by a factor of two to four, whereas on the other hand, no sample had an EEQ in the cell culture test higher than that derived from chemical analysis. A few effluent samples (7a, 7b, 8a, 8b, and 18) had an EEQ level calculated from the measured concentrations that was approximately one order of magnitude higher than that obtained in the in vitro assay. In samples 7b, 8a, and 8b, the concentrations of the steroidal estrogens were near or less than the limits of detection, and the estrogenic activity was obviously close to the threshold of the E-Screen assay. Because the precision of the biological as well as of the chemical method likely decreases near the limits of detection, this phenomenon may account for the larger differences between the EEQs. Nevertheless, both methods showed unequivocally that the EEQs in these three effluent samples after activated charcoal filtration were 5-to 10-fold lower than those in effluents from STPs without advanced wastewater Fig. 6 . Comparison of the estradiol equivalent concentrations (EEQ) determined in the E-Screen assay with those calculated from the results of chemical analysis [35] in effluents of 16 municipal and two industrial sewage treatment plants (STPs; locations 17 and 18) in BadenWürttemberg, southwestern Germany. GC/MS ϭ gas chromatography/mass spectrometry. Fig. 7 . Contribution of the steroidal estrogens to the total estradiol equivalent concentration (EEQ) calculated from the results of gas chromatography/mass spectrometry [35] in effluents of 16 municipal and two industrial sewage treatment plants (STPs; locations 17 and 18) in Baden-Württemberg, southwestern Germany.
treatment. The reason for the large difference in the results of chemical and biological analysis for samples 7a and 18 is not known. It is noteworthy that, in both samples, the calculated EEQ was mainly a result of the high measured levels of E 2 [35] . However, it cannot be deduced from all these results that the E-Screen assay generally underestimates EEQs in sewage samples. We have analyzed in total eight effluent samples from another STP by E-Screen assay and by GC/MS, and we found that the measured concentrations of estrogenic substances accounted for only 13 to 95% of the EEQ as determined by biological analysis (unpublished data). Although a recent paper described a good correlation between the E-Screen and ER-binding assays for a variety of estrogenic compounds that was even stronger than that for the yeast/ER-binding assay pair [50] , complex mixtures of chemicals such as those present in effluents may cause some deviation from the additive behavior of well-defined mixtures of xenoestrogens [14, 49] and, consequently, from what chemical analysis would predict. This is already illustrated by the identification of chemical impurities of single compounds as a possible source of disagreement between different estrogen screening assays [50] . The presence of large amounts of partial and/or ER antagonists in the effluents, although not yet proven by chemical analysis, might be a source for the underestimation of EEQs. On the other hand, we recently measured the androgens testosterone and dihydrotestosterone in some effluent samples by GC/MS [51] , which induce proliferation of MCF-7 cells, albeit at much higher concentrations than E 2 [50] . It should be kept in mind that the quantitative comparison of results from bioassay and chemical analyses for complex environmental matrices is generally a difficult task. In a recent study with sediment samples, the dioxin toxicity equivalents measured by GC/MS were 10-to 100-fold higher than the toxicity equivalents determined with a reporter gene bioassay [52] . Figure 7 shows the contribution of all analyzed steroidal estrogens (E 2 , E 1 , EE 2 , and mestranol) to the total EEQ calculated from the results of GC/MS analysis [35] for all effluent samples. The steroids accounted for 89.3 to 99.5% of the total EEQ (median, 97.5%), of which E 2 and EE 2 , if detectable, made the highest contribution by far. The only exception was the effluent from STP 17, which receives exclusively sewage from a textile factory. Three of the four steroids analyzed were below the limits of detection. The major nonsteroidal compounds responsible for 75% of the low EEQ were 4-NP1EC (3.2 g/L) and 4-NP (0.25 g/L) [35] . Although the detected levels of xenoestrogens were generally as much as 1,000-fold higher than those of the steroids, they accounted for only a few percent of the EEQ because of their low estrogenic potencies (EEF Ͻ 0.0001). A very similar low contribution of the measured concentrations of nine phenolic xenoestrogens to the total EEQ as determined in the E-Screen assay was recently found for treated and untreated sewage taken from STP 12 [34] . Among the xenoestrogens, 4-NP provided the highest contribution to the EEQ in both studies, followed by bisphenol A and 4-NP1EC. The levels of ␤-sitosterol found in the effluents were similar to those measured for 4-NP [35] . If ␤-sitosterol really induces vitellogenin synthesis in trout hepatocytes with a 30-fold lower potency than 4-NP, as reported by one group [45] , then the contribution of ␤-sitosterol to the total EEQ in STP effluents would have been low even if an in vitro assay based on trout ER instead of the E-Screen assay had been used.
CONCLUSIONS
The monitoring of estrogenic activity in the effluents from 16 municipal STPs in the state of Baden-Württemberg, southwestern Germany, by a sensitive proliferation test with human MCF-7 breast cancer cells (i.e., E-Screen assay) revealed concentration-dependent estrogenic activity in all samples. Thus, the results of a previous pilot study with five STPs [32] were confirmed: Effluents even from modern municipal STPs represent a widespread source for the continuous input of estrogenically active compounds into the aquatic environment. The EEQs were less than 10 ng/L in all 16 STPs, and those in 14 of the 24-h composite samples were very similar (0.9-3.3 ng/ L; median, 1.6 ng/L), indicating that the release of estrogenic substances into streams and rivers is rather constant both spatially and over time. However, we do not yet know the daily variability of the levels of estrogenicity in municipal wastewater. Because we observed a considerable variation in the EEQs of 10 spot checks of surface water from a small stream with a high load of effluents [53] , it may be possible that rather high peak levels of estrogenic substances occur in STP efflu-
